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ABSTRACT

The motion of charged particles in the electric and
magnetic fields constituting the earth's magnetosphere is cal-
culated using the assumption that the first and second adiabatic
invariants are conserved. The model of the magnetic field includes
the effects of the solar wind pressure on the sunward side of the
magnetosphere and of the newly discovered current sheet in the
magnetospheric tail. The electric field is deduced in the
ionosphere from the SD current system which accompanies
magnetic bays. The magnetic field lines are then assumed to be
equipotentials so that the electric field can be projected
throughout the magnetosphere. The motion of low energy plasma
is discussed qualitatively while the motion of solar wind
particles which become trapped on the surface of the magneto~
sphere is calculated in quantitative detail. It is found that
solar wind electrons (kinetic energy at the magnetospheric
surface < 1 keV) will be accelerated to energies in the range
of 1 to 40 keV and will be confined to a narrow latitudinal
zone where extensive precipitation into the atmosphere will occur
during local nighttime. Protons of similar energy will be con-
fined to a region south of the electron region and will precipitate

during local afternoon and evening.




The conclusion is reached that auroral events are pro-
duced largely by electrostatic acceleration of solar wind particles
and occur on lines of force which close in the tail of the

magnetosphere within 50 RE of the earth.



I. INTRODUCTION

A satisfactory understanding of geophysical phenomena
such as auroras, magnetic storms, eand trspped radiation belts
will probebly come about only through quantitative calculations
of the motions of charged particles in the electric and magnetic
fields which constitute the magnetosphere. Such calculations
involve the use of a model of the magnetosphere and they can
be expected to reproduce actual particle motions only to the
extent that the model represents the actual fields. The
fields are, today, only imperfectly known. Nevertheless we
believe that calculations using a model based on the known
features should provide reasonably accurate representations of
gross features of actual particle motions, such as gereral flow
paths and precipitation patterns.

The magnetometers on Explorers 10, 12, 14, and 18
(Tmp I) [Heppner et al., 1963; Canill and Amazeen, 1963;
Cahill, 196k4; Ness et al., 1964; Ness, 1965] have provided a
good though incomplete description of the magnetic field.

These measurements have revealed that the magnetic field has
a well defined boundary on the sunward side of the earth's
dawn.dusk meridian plane and is drawn cut into a tail of

undetermined length on the antisolar side. Ness et al. [1964]



have shown that the field undergoes a sharp reversal of direction
near the center of the tail indicating a current sheet of con-
siderable extent. The approximate intensity and direction of
the field are known in the interior of the magnetosphere to
distances of ~ 30 R, (earth radii) from the earth. Fo direct
measurements of the electric field have been made, but reasonable
estimates of it in the ionosphere may be deduced from current
systems which are inferred from megnetic disturbances observed
on the ground. Both the magnitude and the direction of the
field are sensitive to assumptions made about the conductivity
of the ionosphere, the height of the currents, and the contribu-
tion of earth currents to the magnetic disturbances. Once a
ield is obtained in the ionosphere it may bhe projected through-
out the megnetosphere by assuming that the conductivity per-
pendicular to the magnetic field lines is negligible compared
to the conductivity parallel to them so that the field lines may
be considered to be equipotentials.

In order to calculate the motions of particles we have
constructed a model of the megnetosphere which exhibits the
gross features described above. The electric field is the sum
of that derived from the high-latitude SD current system and
that due to charge separation caused by the rotation of the

jonosphere with the earth. The calculation of particle motions




in the model of the field was done under the assumption that
the first two adiabatic invariants and the total energy (kinetic
plus potential) of the particle are conserved. We have also
limited ourselves to lines of force which reach the earth at a
magnetic latitude greater than 60°. Iower latitude lines of
force are neerly dipolar in character and particle motions on
these lines should be well represented by the use of a dipole
field. Such studies have been carried out by Maeda [1964] and
Hones [1965].

The megnetic field model used is a modification of that
used in earlier calculations of particle drifts by Hones
[1963]« A large image dipole limits the extent of the earth's
magnetic field toward the sun and oppositely directed uniform
fields, added above and below the magnetic equatorial plane,
extend the megnetosphere's tail in a manner comparable with that
observed by Ness [1964]. The University of Iowa's IBM 70LO
computer was used to calculate magnetic field lines in this
model as well as the needed values of the integral invariant.

Simple mapping of the electric field derived from SD
current system and corotation effects into the equatorial
plane of the model and into a cross section of its tail has

provided certain insights into the patterns of circulation of



plasma in the earth's magnetosphere. These are discussed
qualitatively. In a more quantitative vein, flow patterns of
solar-wind protons and electrons, assumed trapped at the surface
of the magnetosphere, have been determined and precipitation
patterns of these particles on the earth traced out. Comparisons
of the latter with particle measurements by satellites and
rockets and with auroral observations lead us to conclude

that the auroral particles--both electrons and protons--are
solar-wind particles streaming through the magnetosphere,
accelerated and precipitated by the a.cﬁon of electrostatic
fields.

These calculations predict many of the observed features
of auroras. Probably the most significant is the prediction of
a zone of relatively narrow latitudinal extent on the night side
of the earth in which 1 to 40 keV electrons will precipitate.
Protons must precipitate to the south of this region where
electrons are found thus providing an explanation for the
separation of electron and hydrogen auroras observed in the
evening [ Rees, Belon, and Romick, 1961). Another striking
prediction is the sharp cutoff of low energy proton precipita-
tion at the noon meridian. Such a cutoff has been observed by

the Lockheed experimenters [Meyerott, 1964].



In addition to providing predictions which agree with
observations these quantitative calculations cast doubt upon
certain features of earlier qualitative explanations of geo-
magnetic phenamena. For instance, we believe that auroral
events occur on megnetic lines of force which close in the tail
of the magnetosphere within 50 RE of the earth, not on lines of
force which extend into the interplanetary medium. Also
turbulence and random processes do not sppear to be of primary
importance in producing asuroral particles.

In general the results provide strong justification for
the use of adiabatic theory in studying particle behavior

even in the more distant regions of the magnetosphere.



II. THE MAGHETIC FIELD

The model used for the magnetic field employs an image
dipole to produce the effects of surface currents which limit
the spatial extent of the field lines which emanate from the
earth [Hones, 1963]. 1In addition, the field of an infinite
uniform current sheet of finite thickness is added in the tail
of the magnetosphere. The noon-midnight meridional cross
section of the model is shown in Figure 1. The dipoles are
oriented parallel to each other and are assumed to be per-
pendicular to the ecliptic plane. The current sheet was
centered about the ecliptic plane and has a thickness of .5 Rg-
The edge effects of the current sheet are neglected so that the
magnetic field of the current sheet is just a uniform field

parallel to the earth-sun line, directed toward the sun north

of the ecliptic plane and away from the sun south of the ecliptic

plane.

The magnetic moment of the image dipcle and the distance
between the two dipoles were adjusted to obtain the appropriate
radial distance to the front boundary at the subsolar point.

An image dipole 28 times as strong as the earth's,
Placed 4O RE awey, caused the boundary of the magnetosphere

to be at a radial distance of 10.8 RE at the subsolar point.



The magnetic field strength at the subsolar point is 60 ¥

(1 7 = 10" gauss). The field of the current sheet was taken
to be 30 y in the present calculation. (Subsequent calculations
with weaker current sheet fields show no significant changes
either in the integral invariants or in the configuration of
the field lines.)

The intersection of the boundary of this model with the
dawn-dusk meridian plane is nearly circular with a radius of
about 17 RE The tail of the model magnetosphere is roughly
cylindrical in shape although its thickness perpendicular to
the equatorial plane does decrease slightly at larger radial
distances. (At 40O RE this thickness is approximately 3o BE.)
The half width in the equatorial plane remains ~ 17 RE.

Ness's measurement with IMP-1 [Ress et al., 1964] shows
that, near the ecliptic plane, the width of the magnetosphere
increases as one moves away from the sun and appears to approach
a maximum value of~1+<>RE at X = -20 Rg. (The cocrdinate
system used throughout this paper is one in which the X-axis
points toward the sun, the Z-sxis is anti-parallel to the
dipole moment of the earth, and the Y~-axis is ckosen to form
a right-handed system. This corresponds to a solar ecliptic
system since we have assumed the dipole axis to be normal to the

ecliptic plane.) In the dawn-dusk meridian plane the width



appears to be ~ 26 RE’ The measured field intensity was 30 to
€60 y near the subsolar point.

For the calculations described in this report, it is
important, not only to use a model whose dimensions and field
intensities match those of the real magnetosphere, but also
vhose lines of force trace out the same paths as do those in
the real magnetosphere. Unfcrtunately, there exists little
evidence on which to base an estimate of the path followed
through the magnetosphere by a line of force emanating from
a chosen point on the earth. This is especially true of the
high-latitude lines of force. Figure 2 is a view of the
equatorial plane of our model showing the equatorial crossing
points of lines of force from various longitudes. The draping
back of the high latitude lines is evident. We have arbitrarily
chosen to define as "closed lines" only those which cross the
equator at distances less than 50 RE Por example, in the
midnight meridian plane, the line from 12.h4 degrees co-latitude
is the highest latitude "closed" line.

Our definition of "closed" lines results in there
being at the palar cap of the earth a roughly circular region
extending from ~ 9° co-latitude at noon to ~ 13° co-latitude
at midnight from which emerge "open” lines, i.e., lines which

extend beyond 50 R,. This region is indicated in Figure 3,




which is a view of the north polar cap of the earth. (All
subsequent polar diagrams in this report are also views from
above the north pole.) In the tail the "closed” lines

occupy a roughly wedge-shaped region centered on the equatorial
plane, It extends the full width of the tail and has a thick-
ness of ~10 RE at X = =10 RE’ tapers to ~ k RE at =25 RE’

and ends in a gharp edge at -50 RE’ Actually the choice of
the distance to which a line must extend in order that it be
considered open is not critical. A choice of greater distances
(say 100 RE or 150 RE) does not significantly extend the
latitude range of the closed lines at the surface of the earth
since, in this model, a current sheet of infinite extent is
assumed.

Some information about where lines of force go in the
real magnetosphere can be cbtained from the high latitude
termination of energetic trapped particles if one assumes that
these particles cannot be durzbly trapped on lines of force
which penetrate the current sheet. Such lines, at least beyond
~ 10 RE where the field of the current sheet is greater than
the field of the earth's magnetic moment, will have a sharp
radius of curvature (of the order of the thickness of the

current sheet). Figure 3 indicates the region on the earth
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from which emanate those lines of force which penetrate the
current sheet at X < - 10 RE The low-latitude boundary of

thig region corresponds quite well with the high latitude

bourdary of trapping of > 40 keV electrons, reported by Frank,

Van Allen, and Craven [1964], though some differences are
seen, especially near the noon meridian. Frank et al. show
the termination of trapping at noon to be at ~ 13° while the
model would predict about 9°. Since the prediction depends
on the position of the neutral point line, this appears to
indicate that the neutral point in the real magnetosphere
should be at about 12°. Calculations are now being carried
out on a model which incorporates this modification. The
present model, however, appears to be quite satisfactory in
most respects. If one keeps in mind the fact that the real

magnetosphere probably has a neutral point line at ~ 12°

ingtead of ~ 9° as found in this model, scme of the deviations

between experiment and the calculations to be discussed are

reducgd.
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III. THE ELECTRIC FIELD

Large~gcale electric fields are generated in the magneto-
sphere by (a) ionospheric motions produced by gravitational
action of the sun and moon, (tides), and by the sun's heating
of the atmosphere; (b) the earth's rotation, carrying with it
at least the lower levels of the iocnosphere; and (c) interaction
of the solar wind with the outer magnetosphere. Though the
electric fields have not been measured directiy, considerable
knowledge about them has teen gained from studies of geomagnetic
field variations associated with the currents they produce in
(and above) the ionosphere. The geomagnetic field undergoes
two kinds of daily variation, with periods of a solar day
and a lunar day. These are denoted by S and L. The L variation,
due to gravitational effect of the moon, is very small and will
not be discussed further. When the S variation is derived
from magnetically quiet days (usually the five international
quiet days of each month) it is denoted by Sq. When it is
derived from disturbed days (usually the five international
disturbed days) it is denoted by SD. (The Sq variations arise
from the gravitational and heating action of the sun and their
theory is quite well understood. The additional variation

occurring on disturbed days is thought to be due to the solar



15

wind's action and is not understood theoretically. It is from
the latter variation, however, that the electric field we use

in these calculations is derived.) The disturbance daily

variation, denoted by SD, is defined as the difference Sd-Sq.
At high geomagnetic latitudes the variation, SD, is much
greater than at low latitudes and S derived from the international
quiet day records of high latitude stations generally contains
an appreciable SD part. Chapman and Bartels [1951, p. 290]
conclude that "the distribution and development of the dis-
turbance field (SD) in polar regions, as well as in lower
latitudes, remain fairly constant and independent of the
intensity of the disturbance”. (They add, however, that the
high latitude region {above ~ 60® latitude) in which the
strong SD currents flow appears to broaden and move towards
lower latitudes during periods of intense disturbance.) Thus,
to a first approximation, the pattern ‘of currents causing the
disturbance field may be regarded as having a constant shape
but varying intensity and orientation. Silsbee and Vestine
[1942], from a study of hundreds of magnetic bays observed at
many stations during the Polar Year, 1932-33, ccnstructed the
disturbance field current system which is shown in Figure k.

The magnetic bays were not associated with storms but were




required, for selection in the study, to have a maximum hori-

zontal intensity at least as great as the average disturbance

daily variation (sni) for international disturbed days at

each station. The current system of Silsbee and Vestine thus

represents moderately disturbed (though not storm-time) conditions.
A model electric field, -E., was derived from the current

system of Figure U4 by solving the equation,
~ -
3 = o - E. (1)

Here is the height~-integrated current flowing in the ionosphere

Ej
and ? is the height-integrated conductivity tensor; values for
the latter were taken from the work of Fejer [1953]. The electric
field, appropriately integrated, provided the potential distribu-
tion which is shown plotted over the north polar cap in Figure 5.
The orientation of this potential distribution with respect to the
earth-sun line is one of its more notable featureg because the
direction of the equipotential lines over the polar cap (within

~ 15 degrees of the pole) has been cited, in the past, as
observational support for theories of magnetaspheric convec-

tion which have been developed by Axford and Hines [1961]

and by Levy et al. [1963]. [See also Axford (1964); Axford

et al. (1965).] These theories suggest a streaming of plasma
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forward (i.e., sunward) through the tail of the magnetosphere
as a major feature of the convective motion there (induced, in
the case of Axford and Hines, by viscous interaction at the
magnetosphere boundary and, in the case of levy et al., by
breaking and re-connecting of the earth's polar field lines),
They cite, as observational support, the alignment of the
polar cap ionospheric currents toward the sun (equivalent to
convection of plasma by an E x B drift away from the sun,
driven by an electric field in the dawn to dusk direction
across the polar cap). Polar cap current systems were
reported to have approximately this orientation by Chapman and
Bartels [1951] and by Chapman [1951]. However, the system of
Vestine and Silsbee is directed about 65° to the west of the |
sun. A system directed 60° to 90° to the west of the sun was
derived from studies of 345 weak, moderate, and great storms

by Sugiura and Chapman [1960]. More recently Fairfield

[1963, 1964] made a statistical study of the orientation and
intensity of the very high latitude current system in quiet and
disturbed times. He concludes that in quiet times it is
directed most often ~ 65° west of the sun while it tends to
point ~ 30° west of the sun during disturbed times. The

time variations, both in intensity and direction, are large.
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Observational evidence, thus, seems to suggest that if the very
high latitude disturbance daily variation, SD, is attributable
to ionospheric currents, these are, on the average, directed
not toward the sun, but mﬁre nearly ~ 60 degrees from the sun.
It is notable, also, that the equipotential system which one
derives fram the current system, when not only the Hall
conductivity but also the direct conductivity is taken into
account, is rotated even further (about 15°) westward. This
may be seen by comparing Figures 4 and 5; thus, it appears that
convection of plasma over the polar cap proceeds more nearly in
the direction dawn to dusk than in the direction noon to
midnight.

In addition to the electric field deduced from the observed
currents, one must include the electric field caused by the charge
separation induced by the rotation of the ionosphere with the
earth. This electric field causes no currents in the reference
frame rotating with the earth, but in inertial space it will
exert a force on particles and thus must be taken into account.
This field is the usual polarization field produced when a

conductor moves in a magnetic field:

n|<£

xB . ()

-l
E = -
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The potential of this electric field for a dipole whose magnetic

moment is parallel to the axis of rotation is

2

sin” @
Voror = =2 Y Rg TR )

where Q is the angular velocity of rotation;
is the dipole moment;

is the co-lestitude; and

is the radial distance.

W ©t

In the case of the earth's ionosphere this becomes

VooroT ¥ -9 sin® @ (kilovolts). (4)

The effects due to the non co-aligmment of the magnetic moment and
the rctation axis can be calculated and are discussed later. In
the calculations done in this study they were neglected. When
this potential is added to the potential deduced from the SD
currents the potential system in Figure 6 results. Notice
that the addition of the co-rotation potential system does not
alter the potential system drastically; that is, the SD electric
field is considerably larger than the co-rotation field at
latitudes above ~ 60°.

To find the spatial dependence of the potentials, and

therefore the electric field, we maske use of the assumption that
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the magnetic field lines are equipotentials. This is done by
assigning the value of the potential which a field line has in
the ionosphere to every point in space which lies on that field
line. Thus one obtains the potentials of all points in the
magnetosphere. This process leads to the potential system
shown in Figures 7 and 8. Figure 7 shows the intersection of
the equipotential surfaces with the geomagnetic equatorial
plane {which coincides with the ecliptic plane in our model).
Figure 8 shows the intersection of the equipotential surfaces
with the plane perpendicular to the earth-sun line kO R, from
the earth in the anti-solar direction (X = -4O R;). The
latter figure shows that the electric fields are directed
radially outward from the axis of the tail. The radial aspect
of the electric fields exists everywhere in the tail

(i.e., X < -10 RE).

It is interesting to consider the motion of very low
energy plasma in such a field. (By very low energy plasma we
mean particles whose magnetic drifts are negligible compared
to the E x B drift.) Viewed toward the earth from far back in
the tail, the plasmz will drift around the axis of the tail in
a counterclockwise sense north of the current sheet and in a

clockwise sense south of the current sheet. In the equatorial



plane the plasma will flow toward the earth on the evening side
of the tail and away from the earth on the morning side of the
tail. The plasma flow near the earth resembles that of a fluid
entering the magnetosphere on the dusk side, flowing around
behind the earth (presumably forced to do so by the earth's
rotation), and leaving the magnetosphere on the dawn side. This
flow is scmevhat different from that proposed by Axford and
Hines [1961] (compare with their Figure 5). The difference
results largely from the orientetion of the electric potentials
we have used. We find, for example, the center of rotation in
the tail is near the axis rather than on the morning side of
the tail. This rotation center corresponds to the maximum in
the potential at 15° co-latitule at ~ 0200 L.T. (see Figures 5
and 6). Another important difference is that our model does
not show the backward (i.e., anti~-solar) flow on the evening
side of the tail which their model portrays. Nor is there
indication of a strong forward flow through the center of the
tail. In short, this model does not display the major
features which would be caused either by viscous interaction
with the solar wind at the boundary or by the breaking and
re-connecting of field lines. Rather, the convection

pattern has qualitative features which one would expect of



a system driven by the earth’s rotation alone. Since the
electric field is deduced from currents in the rotating
ionosphere, however, the convection system clearly is not
driven solely by the rotating earth. (Note, also that the
center of rotation of the convection dces not coincide with the
earth's rotational axig, but is displaced about 15° from the
pole.) We ave inclined to believe that the basic convective
pattern is established by the earth’'s rotetion but is modified
and amplified by energy diverted in some manner (though
apparently not by viscous drag nor by line breaking and re-
connection as these processes have previously been described)
from the solar wind flow.

The radially directed electric field in the tail (depicted
in Figure 8) has rather important consequences regarding the
entry of low energy (i.e., less than a few kilovolts) particles
into the tail. Briefly, its effect is to exclude protons
altogether and to draw in electrons along the evening side
and energize them to several tens of kilovolts. This is
easily understood qualitatively. (Quantitative details of the
particle motion are the subject of Section IV.) The magnetic

drifts of protons and electrons are directed from morning to

evening and fram evening toc morning, respectively. On the
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morning side of the tail these drifts are in the direction
opposite the electrical force on the two types of particles;
thus, electrons and protons which enter there are de-energized
as they are convected away from the earth by the E x B drift

and do not penetrate far into the tail. On the evening side the
electric force on electrons and protons is in the same direction
as their magnetic drifts; thus, they will be energized as the

E x B drift carries them toward the earth. However, a

proton's magnetic drift, being toward the surface, does not
carry it into the tail; protons are, therefore, excluded here
also. An electron's magnetic drift carries it further into the
tail, and it gains energy as it goes. Thus, in the energy range
from a few kilovolts to a few tens of kilovolts, the particle
population of the tail is expected to consist primarily of
electrons.

The electrons' drift through the tail constitutes an
electric current in the dawn-to-evening direction, and will have
a tendency to distend the lines of force and, so, lengthen the
tail. This suggests that magnetically-drifting electrons,
caught up from the solar wind and energized by the rotational
convective field of the tail, are the principal agent
establishing and controlling the length of the magnetosphere's

tail. The fact that the magnetic drift speed of the electrons
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will be greatest where the magnetic field ig weakest and most
sharply curved may provide a kind of positive feed back mechanism
vwhereby their effective current automatically becomes sharply
concentrated in a sheet in the equatorial plane. We have not
investigated this concept quantitatively. We note, however,

that it would be expected to provide a tail whose length
increases with increasing intensity of the solar wind. It seems
clear that the current causing the sharp reversal of the magnetic
field in the tail is produced by magnetic drift of the con-
tained particles rather than by an electric field, for the
electric field on the dawn-side of the tail is not directed
properly to produce the currents which are implied by the neutral
sheet found there.

An observed phenomenon which may provide information about
the configuration of magnetic lines of force is the occurrence
of high latitude auroral arcs. We show in Section V that solar
wind particles are electrostatically accelerated to auroral
energies only on lines of force which close in the magnetosphere.
If we extend this to say that even high latitude auroral arcs
must occur on closed lines, then Davis's [1962] observations of
polar cap aurorae and of their anti-correlation with Kp
[Davis, 1963] can be interpreted to mean that in quiet times

practically all lines of force are closed, but that increasing



solar wind intensity breaks the very high latitude lines. The
non-conservative electric field associated with these time-
variations of the megnetic field should be capable of changing
particle energies by many kilovolts. We believe that this
acceleration mechanism may have an importance, in generating
energetic particles, comparable to the electrostatic mechanism
which we have considered in our calculations (especially at
times of magnetic storms).

A feature of our model which should be noted is that the
surface of the magnetosphere is an equipotential surface. This
feature occurs because the field lines which make up the
magnetogpheric surface come out from the earth adjacent to the
neutral point line; thus they have a potential which is equal
to that of the neutral point line. If there were interconnection
of the magnetospheric lines of force with the interplanetary
lines of force, the magnetospheric surface might depart from an
equipotential surface.

We have neglected the effects of interconnection of the
field lines with the interplanetary fields as far as their
influence on calculations with our model is concerned, because
they appear to be much less significant than probable temporal

variations in the electric and magnetic fields. For instance,



the non-alignment between the earth’'s axis of rotation and

its magnetic moment will cause the potential of the surface of
the magnetosphere to change relative to the potentials in the
auroral zone. The variation in the potentials caused by the
change in the corctation field will cause the potential difference
between the surface of the magnetosphere and the midnight auroral
zone to change by about + 17 k¥. In addition, the fact that the
angle between the earth's magnetic moment and the ecliptic

plane varies from about 12° to nearly 35° during the course of

a year probably will influence both the magnetic and electric
fields. It should cause the neutral point line to change
latitude by several degrees and may well cause some kind of a
seasonal shift in the SD currents. Fairfield [19564] indicates
that both the patterns and the intensities of the SD currents

are functions of season and universal time as well as magnetic
local time. Quantitative evaluations of such variations would
allow one to incorporate them into a model such as this.

The important question of what causes the SD electric
fields remains unanswered although it must be basic to a full
understanding of magnetospheric phenomena. We believe the
fields presented here, however, to be reasonable approximations

to the real electric and magnetic fields which exist in the



region surrounding the earth, at least in light of present day
Imowledge. Using this model of the fields we next evaluate the

adiabatic motion of particles in such fields.
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IV. ADIABATIC THEORY USED

Motion of charged particles in a complex configuration
of electric and magnetic fields can be studied most conveniently
if it can be assumed that the motion is adiabatic. Then the

specification of three constants of the motion,

1. Total Energy, K = W+ qv, (5)
W

2. Magnetic Moment, M = -3~ (6)

3. Integral Invariant, J = % p,ds, (1)

will describe the motion of a whole class of particlesj; that is,
those having the specified K. K and J. P and J are only
approximate constants of the motion, though K is rigorously
conserved if the electric field is conservative. The integral

invariant can be written
J=V2m)1§VBm-B ds (8)

where B is defined by p. = %— and in this case, where the field
m

lines are assumed to be equipotentials, B o is the value of the

field at the turning point of the particle's motion. So one is

led to use



J =J/V2mp-=§‘\/nm-3 ds (9)

as the third constant of the motion. The only variable in the
integral is B so J' can be calculated simply if the fields are
known. When one knows the fields, a specification of K, p,

and J' for a particle determines a surface on which the particle
must be found. In addition, the kinetic energy, W, the mirror 3B
value, Bm’ the particle pitch angle, etc., can be calculated as
a function of position on this surface.

Formally the process of determining the particle moction
may be described in the following manner. First it is necessary
to define a coordinate system which specifies the individual
lines of force in the magnetic field. This cen be conveniently
taken to be the magnetic co-latitude, Oo, and magnetic
longitude, § o+ Of the intersection of a line of force with
the earth's surface. (Longitude is measured from the earth-sun
line and the dipole axis is taken as the polar axis, assumed in
this model to be perpendicular to the ecliptic plane.) In such

a coordinate system, J' can be written as
*
J (oo, ¢o, Bm) . (10)

Now since K and p are also constants cf the motion and

K=P,Bm+ aV, we see



Bm=£'-}-‘l‘f. (11)

Thus we can Substitute this expression for Bm into the above

expression for J' to obtain
J (90, ¢o’ V), K = const, p = const. (12)

Rote, however, that the functional dependeace of J' on V will
depend on the values of K and p for the particle.
V is a kmown function of € and §_; thus the above

expression is eguivalent to
J (Oo, ¢°), K = const, p = coast. (13)

So for each set of values for K and g, one can draw contours

of constant J' in %, ¢° space and in this -way specify the

magnetic lines of force on which the particle moves. Then other

interesting quantities are given by

K« qgVv
By s h (1)
W = p,Bm (lll»)
sina = etc. (15)
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The direction of drift along the constant J' surface is obtained
from the expression for the average velocity of drift toward the
new field line given by Northrop and Teller [1960] which, for

static fields, reduces to

<32 = 45 ($3x5) (16)

where T is the latitudinal bounce period of the particle. The
meaning of the other symbols jg obvious.

In practice, particle parameters were determired in just
this way. The intcgral Qefining J' was evaiuated numerically
on the University of Icwa IBM 7040 computer. Lines were
selected at intervals of 1° for @  between 5° and 30° and at
intervals of 30° for §_ from O° to 180°. Several extra lines
were nged around the neutral point line to determine the
surface of the megnetosphere more accurately. Plots of
J' vs B were made for each line. See Figures 9, 10, and 11.
From the electric field in Figure 6 a table was made of the
potential of the field lines for which J' had been calculated.
Thus by choosing values for K and j, equation (11) is used to
find the value of Bm for particles on each field line. Then
using the J' vs B curves the value of J' is determined for

each field line. These velues sre then plotted on a € o? ¢o plot,
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i.e., on the polar regions, and contours of constant J' can be

drawn. Thus a set of plots of contours of constant J' are

obtained for various pairs of values for K and p (see Figures 12,

13, and 1k).

To understand particle motions in terms of these curves
two significant lines were added: first & curve on which the
particle kinetic energy vanishes, i.e., W = 0 line. This

line is found by observing that W = 0 =—>K = g V, vhere

v is the potential on this boundary curve. Since W> O anpd
W=gqg (V.b - V) it is seen that for ¢ > 0, V< v, and for

q<o0, V> Vb. Thus positive particles are confined to the

low potential side of the surface where V = V.D

particles are confined to the high potential side of this same

and negative

surface. Note that this bounding surface depends only on the
chosen K, i.e., the total energy of the particles considered;

The second curve of interest is a contour defined by
Bm = 0.5 gauss. This is the line on which particles of the
chosen K and p will mirror approximately at the surface of the
earth. If Vp is the potential of a particle when its

Bm = 0.5 gauss then we find

eV, = K-p (o0.5) . (a7)
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u is in keV/gauss, K is in keV, V, is in kV, and q = +1 for
protons, ~1 for electrons. Thus the contour where Bm = 0.5
gauss corresponds to the equipotential curve where V = VP.
From this it can easily be seen that particles of a given P
K, and J' will precipitate when the contour of constant J'
crosses the Bm = 0.5 gauss contour, which will hereafter be
called the precipitation contour. The precipitation contours
for electrons and protons are labeled "electron precip" and
"proton precip”, respectively, in Figures 12, 13, and 1k.

Note that the precipitation contour depends on both X and pe



V. PRECIPITATION OF SOLAR WIND PARTICLES

In the preceding section it has been shown that from the
adiabatic invariants and the configuration of the field one can
deduce the motion of charged particles. In what follows this
motion will be evaluated for particles starting in the solar
wind with an energy less than ~ 1 keV. It will be assumed that
these particles become trapped on the lines of force which make
up the surface of the magnetosphere. Then, once the particle
is in a trapped orbit, it will drift through the magnetosphere
on a surface of constant J'. Conservation of K and p will
require that the particle kinetic energy and its mirror B
change as the particle drifts. It will be shown that electrons
moving in this manner will be energized to energies between
1 and 40 keV and precipitated during magnetic nighttime in a
relatively nerrow zone defined by the configuration of the
fields. Protons will be energized to similar energies and
precipitated during the period starting at noon, local magnetic
time, and continuing through the night in a narrow region to the
south of the region where electrons are precipitated.

Since the lines of force which make up the surface of
our model all come out from the earth adjacent to the neutral

point line, the surface of the model magnetosphere is an
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equipotential surface. The potential was arbitrarily chosen to
be O at @ = 30° on the dusk meridian in the electric field
used. This made the potential of the surface +18. (Probably
a more logical choice would have been to make the surface of
the magnetosphere have zero potential.) At any rate, in our
model, solar wind particles (W< ~ 1 keV assumed) will have a
total energy, K=+ 18 + 1 keV, i.e., electrons have a total
energy of ~ -17 to -18 keV and proctons have a total energy of
+18 to +19 keV. For the puposes of the following discussion
this 1 keV difference is neglected, and all solar wind particles
are assumed to have a total energy of 18 keV. Therefore, as
was shown before, the electrons will be confined to lines of
force with V > 18 kV, while the protons are confined to lines
of force with V < 18 kV.

The potential plot shows that the 18 kV equipotential
corresponds roughly with the auroral zone. Figures 12, 13,
and 14 show that electron precipitation will occur primarily
during magnetic local nighttime since the precipitation lines
for electrons are confined to this region. Furthermore, there
will be a gradual decrease in precipitation as one goes northward
with a maximum latitude beyond which trapping can no longer occur.

In this model, as Figures 12 to 14 show, the electron precipitation
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will occur between 1800 and 2400 MLT (magnetic local time) in a
zone between 12° and 20° co-latitude, while after midnight
the precipitation zone should move southward about 5° so that
by 0300 it is between 17° and 25°. Precipitation should end
before dawn since the potential begins to decrease as one
progresses around a J' = const curve.

A similar analysis for protons shows the precipitation
region to be primarily between 1200 and ~ 1800, but a thin
band of proton precipitation extends around as far as the
electron precipitation region. Protons precipitate south of
the electrons and will be bounded on the south during the
nighttime by thatJ' = constant line which just fails to turn
back toward noon in the daytime region. The precipitation
patterns are shown roughly in Figure 15.

A characteristic of the particles which will tend to
keep electrons, in particular, confined to a relatively narrow
latitude range is their initial pitch angle distribution or
what is equivalent, the initial distribution of their B . If
one assumes that particles are initially trapped with an
isotropic pitch angle distribution in a field of ~ 30 y, it
can be shown that 99% will mirror at B values less than

~ 1500 7y and 50% will mirror at B values less than ~ 120 7.
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This means that the most probable J* values lie between 0.5

and 8 (RE ga.ussl/ 2). A reasonable estimate appears to be that
more than 90% of the incoming solar wind particles will have
0.5<J° <8 R, gaussll2 or that more than 50% of the incoming
solar wind particles will have 0.5 < J' < 3. This can be

seen (Figures 12, 13, and 14) to preferentially confine
electrons to a small latitude zone near the W = O line but will
not have as much of a confining effact on protons, especially
in the afternoon.

As observed by satellite borne detectors, particles
moving in the manner described should have several striking
features. Perhaps the most striking will be the boundary
between the proton region and the electron region. 1In the
discussion above the initial kinetic energy of the protons and
electrons was ignored, and thus a line boundary was predicted.
Actually the boundary will be a region in which very low-
energy electrons and protons are found. The width of the
boundary should correspond to a potential difference equal to
the sum of the maximum proton kinetic energy and maximum
electron kinetic energy as the particles enter the magnetosphere.
This would appear to be a few kilovolts for solar wind particles.
The corresponding width of the boundary is roughly 100 km near

local midnight, and 200 km near local noon. The boundary




should reach its greatest width just before dusk or just after
dawn, where the electric field is weakest and therefore the
equipotential lines are farthest apart. Here it may be as much
as 500 km across. At any rate one should observe a general
anticorrelation between 1-40 keV electrons and 1-LO keV protons,

i.e.,

3 (W, < Lo kev) WORT of § (we < L0 kev) SOUTH of
3 (WP < IO keV) boundary 3 (Wp < L0 keV) boundary

Another striking feature of the theory is the spectral
change expected as one crosses the boundary. It seems reasonable
to assume that the particles from the solar wind are the most
sbundant particles in the region where thsy are allowed. To
the south’ of this region are found more durably-trapped
particles which (at least in the case of electrons) are known
to have a harder spectrum. Then the electron spectrum between
1 and 100 keV should be much softer north of the boundary than

south of it, i.e.,

j (W, < L0 kev) 3 (W < b0 kev)
3 (0, > 50 ev) NORTH = J (7 > 10 £eV) SOUTH

The solar wind particles cannot be accelerated to energies

greater than ~ LO keV by the fields assumed in this model.
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An opposite effect might be expected for protons but
for the fact that the intensity of the high energy, more durably
trapped protons may decrease rapidly with increasing latitude
in this region.

It is interesting to note that this theory predicts that
all particles whose kinetic energy at the surface of the
magnetosphere is negligible, when observed within the magneto-
sphere will have a kinetic energy equal to the potential
difference between the magnetospheric surface and the field line
on which the particle is observed. This means that equi-
potential surfaces will appear as surfaces on which particles
of a definite energy are observed. These surfaces at auroral
latitudes are roughly aligned with the contours of constant
magnetic latitude. However, they do deviate from such contours
in a fixed manner. This would gppear to earthbourd observers
as a locel time variation in the energy of precipitated
particles. Satellite observations should indicate a change in
particle energy proportional to the charge in the potential
difference between the field line on which the particles are
observed and that of the surface of the magnetosphere.

A consideration of the electric fields used in this

model shows that particles observed near the surface of the
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earth at a given latitude will have energies which are a few
keV during the early evening and get progressively larger at
later times around to a few hours after midnight. The maximum
energy attainsble is about 35 keV.

The simple picture derived from our calculation is
modified by several phenomena which we have not considered in
detail. For one thing the incoming particles (i.e., particles
in the transition region surrcunding the magnetosphere) are
observed to have energies up to at least several tens of
kijovolts. These particles will be found to have energies
several tens of kilovolts different from those particles whose
energies were small on the surface. If the energy spectrum
outside the magnetosphere is sufficiently soft these higher
energy particles will not contribute significantly to the
fluxes. Another factor is the presence of nonconservative
electric fields due to %—% « The particle energization
caused by such fields is not considered in this theory, and
only if such fields produce energy changes that are negligible
should the theory give accurate predictions. Acﬁua}ly, there
probably are nonconservative fields (for example that due to
the wobble of the earth's magnetic axis) which can cause

energy changes of the same crder as those caused by the
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conservative fields, and these will probably give rise to a
temporal and spatial modulation of the particle patterns. Such
fields may also be able to drive particles from the auroral
regions into -the radiation belts. A final factor which we
mention, although we feel it is probably negligible, is that
of particles originating within the magnetosphere instead of
on its surface. If such particles have low energy (W < ~ 1 keV)
when they become trapped initially they will be confined to one
side of the equipotential surface on which they originate. The
processes cavsing particles to originate in the magnetosphere
all appear to be weak and incapable of producing tlie intense
auroral fluxes, e.g., acceleration of ionospheric particles,
nuclear decay, ionization of neutral atoms, etc.

In short, the fact that one observes a spectrum of
particle energies rather then a monoenergetic beam at a given
point in the auroral zone or at higher latitudes does not imply
that the auroral process we have described does nct take place,
but that other processes which we have not considered in detail
also contribute.

In summery, our model provides the following description
of auroral processes:

1. Auroral particles originate in the solar wind with
energies < ~ 1 keV.



2.

6.

k2

They are trapped near the surface of the magnetosphere
with 0.5 § ' € 5.0 R, gauss™/? and as they arift
along surfaces of constant J* their energies are
increased by the electrostatic field to 1 to 35 keV.
They will not remain in trapped orbits (unless
carried into them by nonconservative electric fields,
a process which we have not considered) but will
either precipitate into the atmosphere and be
absorbed, or will drift back out of the magnetosphere
again.

There will be a definite boundary between the region
where solar wind electrons may be found and the region
where solar wind protons mey be found, the protons
confined south of the electrons. The width of this
boundary should be 100~500 km. The maximum widths
should occur during the ~ day, especially near the
dawn-dusk meridian and the minimum widths should

occur near midnight. The location of this boundary
should be in the region of auroral activity.

Electron spectra should be harder south of the boundary
than north of it.

Electron precipitation will occur primarily in a narrow
range of latitudes on the night-side of the earth.
Protons will be precipitated over a large area in the
afternoon and in a narrow region scuth of the electrons
throughout the night.

A fairly sharp boundary of the afterncon proton precipita-
tion should occur at the magnetic noon meridian; no proton

precipitation will occur in late morning hours.
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VI. COMPARISON WITH EXPERIMENT

Although there have been many experimental studies of
auroral phenomena, there have been relatively few measurements
made of the low energy particles (1-20 keV) which are
apparently the major source of energy for auroral phenomena
{McTlwain, 1960]. It is the measurement of these particles
vhich can be compared directly with our predictions.

The first measurements of these particles were apparently
those of MeIlwain. On two rocket flights into active auroras
he detected intense fluxes of low energy electrons
3 (W < 30 keV) ~ 10° electrons (cm2 sec sterad)'l- The proton
fluxes in a similar energy range were at least a factor of 10}
less intense. On one flight the electron spectrum appeared to
be nearly monoenergetic at 6 keV. This is precisely what would
be expected if the precipitation of solar wind electrons were
caused by an electrostatic field. On his other flight, McIlwain
reported an exponential spectrum with an e-folding energy of
5 keV, although he points out that the real spectrum could
have been significantly different fram this. He did find that
most of the energy fiux observed was due to electrons with

energies of less than 4O keV.



McIlwain'’s measurements show that the particles associated
with an auroral event are consistent with the predictions of our
model. His two rocket flights, however, give no information on
the spatial distribution of such particles. More recent satellite
studies of these low energy particles by the Lockheed group
[Sharp et al., 1964; Meyerott, 1964] give sigrificant information
about latitudinal and megnetic local time variations. These
studies were made on five days of late Ocicber and early
November 1963 with a satellite in a low altitude polar orbit.

They indicate that proton precipitation does occur in the

afternoon and during the night but is conspicrously absent

in the late morning hours. (The times when this satellite

passed through auroral latitudes were spproximately 2200 to
0LOO at night and 1000 to 1600 during the day.) In addition,
these observations seem to indicate that the nighttime

proton precipitation occurs at a lower latitude and over a
spaller range of latitudes than the daytime precipitation.

The nighttime proton precipitation appears to be somewhat more
extensive than that predicted by our model. Such an effect
could be explained by a minor modification of the electric
potential system. If the O kV and -5 kV equipotential

lines closed around the maximmm of the potential system
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instead of turning southward in the afternoon (see Figure 6),
then many protons would drift around to the night side and
occupy a wider band of latitudes instead of precipitating in
the afternoon.

Sharp et al. [1964] find precipitation of electrons on
both the day and night sides of the auroral zone. The daytime
events have fluxes which are legs intense and have a noticeably
harder spectrum than the nighttime events. Deytime precipita-
tion of electrons (at least before noon) is not predicted by
our model, but the fact that the spectrum is harder and the
events less intense may be an indication that these particles
come from a different source. It may also be significant
that these morning events occur on lines of force on which
outer zone electrons (W > L0 keV) are generally present
whereas at least the northern part of the nighttime encounters
are above the outer zone cutoff. One may then say that it is
outer zone electrons which are observed to precipitate in
late morning rather than electrons coming directly from the
solar wind.

Further indications that these morning electrons are
actually of different origin than those which are observed to

precipitate at night are evident in the data of Fritz and



Gurnett [1965]. They observed no occurrences of low energy
electron fluxes (W > 10 keV) greater then 2.5 x 107 particles
(mn2 sec sterad)™” during the daytime using nearly a year of
Injun IIT data. This is an indication that the morning fluxes
observed by the Lockheed group were actually smaller fluxes of
more energetic particles, while the nighttime eventes were due
to true auroral particles.

In Figare 16 the data of Fritz and Gurnett are super-
imposed on our predicted precipitation regions. We feel that
the shape of the precipitation region is in reasonable agreement
with the predictions based on our model. The fact that they
find events at lower latitudes than we predict is pertly due to
the fact that the neutrel point in our model should be at a
few degrees lower latitude and therefore at a lower potential
thus making the boundary farther south. The shape of the
precipitation region is sensitive also to the choice of electric
field. Rough calculations show that temporal changes in
the electric field of the SD current system and in the co-
rotation electric field (due to the wobble of the dipole axis)
can shift the whole pattern of precipitation coutours in our
model by as much as 10 degrees of latitude. Thus one should

not attach too much significance to the fact that particles
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are observed to precipitate south of the region where the model
predicts. Ve feel that the same methods applied to a model
which included the time behavior of the electric field would
reproduce the observed precipitation region with a high
degree of accuracy.
We should probadbly point out that Fritz ard Gurnett
carried out an extensive frequency-of-occurrence analysis
to show that the day-night asymmetry as well as the
latitudinal dependence is real and not due to biased
satellite sampling. In addition their determinations of electron
spectra between 10 and 40 keV show nearly discontinuous softening
as the satellite moves northward out of the outer zone.
Observations of the hydrogen aurora show that in the
evening it generally occurs south of the region where
atmospheric emissions (e.g., O, N;, etc. ) caused by electron
bambardment, occur [ see Rees et al., 1961]. It shows a diurnal
variation moving to progressively lower latitudes during the
pre-midnight hours. It is reported that the btand of hydrogen
light emission, which may cover cne to ~ fifteen degrees of
latitude, is often sharply separated from the brighter electron
aurora to the north by a dark emissionless band [Galperin, 1963;

Omholt et al., 1962]. The hydrogen emissions are generally



attributed to recombination of ionospheric electrons with
protons stopped in the atmosphere. These observations obviously
fit well with our theory since we do expect protons to
precipitate south of the electron precipitation region during
the nighttime. The dark emissionless band separating electron
and hydrogen auroras is, by our theory, the W=0 line, that is,
the surface within the magnetosphere whose potential is equal
to that of the outer boundary of the magnetosphere.

Despite the rather striking agreements with predicticns
of the theory, we must point out that we do not predict an
advence of the hydrogen aurorae to the north of the electrons
after midnight--a feature which is frequently reported.

Finally, it is interesting to note that the high latitude
boundary of the trapped particles in the outer zone as reported
by various experimenters [O'Brien, 1963; McDiarmid and Burrows,
196l4; Frank, Van Allen, and Craven, 1964] corresponds fairly
well with the W=0 line of our model, i.e., with the low
latitude boundary of the solar wind electrons. This may be an
indication that the W=0 line mapped into the equatorial plane
corresponds to the inner edge of the current sheet in the
tail, since, as noted in Section ITI, energetic particles are
not likely to be durably trapped on lines of force which peretrate

the current sheet.
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In general, experimental data seem to fit the predic-
tions of our model very well. There are several deviations which
indicate that at least in some regions of the magnetosphere
there are processes taking place which we have not taken into
account. Since we have not attempted to treat the electrons
with =18 < K < 500 keV or protons with 18 < K < 500 keV, &
population which includes a large number of the particles
trapped in the radiation belts, we cannot expect to have a
complete picture. Furthermore, it is clear that there are
significant time dependent components of the fields which we
have also neglected. There are also phenomena depending on
the stability of the distribution of plasma in the magnetosphere

which are probably important in the total picture.



VII. COMPARISON WITH PREVIOUS MODELS

As was mentioned earlier, individual ingredients of
this model were present in earlier models. These ingredients
were a distorted dipole magnetic field and an electric field.
Hones [1963] calculated magnetic field line configurations and
convective motions of trapped particles in a distorted magnetic
field taking into account only the electric field produced by
the earth's rctation. Dessler and Juday [1965] have considered
an extremely distorted model in their proposal of a magneto-
spheric tail many astronomical units long. Aﬁord and Hines
[1961] introduced the idea of internal convection (i.e.,
electric fields) driven by the solar wind. They did not,
however, calculate particle motions in quantitative detail.
Maeda [1964] and Hones [1965] have calculated particle paths
in a dipole magnetic field and an electric field derived from
the Sq currents. (Such calculations presumably give results
which apply to motion on the low latitude magnetic Tield
lines.) The present model combines the effects due to the
distortion of the dipole magnetic field (both by the external
pressure of the solar wind and by the newly-detected curreat
sheet) with those due to a carefully derived representation

of the electric field. This model provides what we believe
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to be realistic explanations of many auroral processes.
Dessler and Juday [1955, p. 63] objected to models such as
this stating that the "primary difficulty with neutral point
theories is explaining the occurrence of nighttime aurora.”
Their objection to models such as that of Axford and Hines is
that it fails to predict an auroral "zone", i.e., does not
confine auroral phenomena to a small range of latitudes. We
have shown in this study that both these objections can be
overcame. We do have a neutral point theory which predicts
nighttime aurora and confines it to a relatively narrow
latitudinal zone. Furthermore, it should be pointed out that
this is accomplished with the neutral point line not at
auroral zone latitudes but at a co-latitude of ~ 10°, its
location in theoretical models cf the magnetosphere such as
Mead's [1964].

A basic difference between this model and that of Axford
and Hines is our reliance upon reasonably well founded electro-
static fields to produce acceleration and precipitation of
auroral particles while Axford and Hines called upon convected
turbulence to produce the auroral phenomena. FPresumably one
still must invoke turbulence or instzbility to explain the small

scale details of precipitation patterns and auroral emissions.
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VIII. CONCLUSIONS

We have found that calculations of adiabatic motion of
charged particles in a model which incorporates reasonable
represertations of the static electric and magnetic fields
surrounding the earth provide predictions of auroral
phenomena which are consistent with observations. Thus, our
study confirms the applicability of adiabatic theory to
calculations of particle motions, even in the distant regions
of the ragnetosphere. We regard this confirmation as a
particularly important result of our werk. For, although only
static fields have been considered here, the general
applicability of adiabatic theory to time-varying fields
[ Northrop and Teller, 1960] implies that a wide range of
phenomena, :.;.ttributable to the magnetospheric tail may be
studied using the adiabatic approximation.

The general pattern of the electric poterntial system

(and thus of the convective motions of low-energy plasma) in
.the magnetosphere appears to be establisghed by the earth's
rotation, but energy is added to this basic rotational
convection pattern in some manner by the solar wind. The
electric fields are such as to prohibit entry of solar wind

protons intoc the tail of the magnetosphere while permitting
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entry and subsequent energization of solar-wind electrons
along the evening-side of the tail. The electrons, drifting
from evening to dawn through the magnetosphere, constitute

a current which establishes and controls the length of the
tail.

The majority of the low energy particles found in
auroral regions originate in the solar wind with a relatively
small energy { < ~ 1 keV). These particles become temporarily
trapped on the surface of the magnetosphere. As they bounce
back and forth they drift longitudinally due to both the
electric field and the inhomogeneities in the magnetic field.
The particles are energized as their magnetic drifts carry
them along in the direction of the electric force. As they
attain energies in the range of 1 to 35 keV, while conserving
their magnetic moment, they are continually driven to mirror at
larger B values. Many of the particles will actually be driven
down so that they mirror in the atmosphere and are lost. If
a particle reaches its maximum energy without precipitating
it will begin losing energy again and will drift back out of the
magnetospuere (alternatively, particles might be driven by
nonconservative electric fields to lines of force on which they

will be stably trapped).



Electrons which precipitate will do so north of a line
corresponding to the intersection of an equipotential surface
with the surface of the earth. The potential of this surface
is equal to that of the magnetospheric surface. The protons
will precipitate south of this same line. Electrons will
Precipitate almost completely during the nighttime in a band
which presumably corresponds to the auroral zone. The protons
will precipitate over a widespread area in the afternoon and
over a very narrow band just south of the electron precipitation

region during the night.
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Figure

Figure

Figure

Figure

Figure

FIGURE CAPTIONS

1. The cross section of the model used for the magnetic
field in the noon-midnight plane. The strength of the
image dipole moment (pI), its distance (DI) from the
dipole of the earth Pe and the strength of the magnetic
field caused by the current sheet were the parameters
varied to fit magnetometer measurements of the real
field. Numbers along anti-solar axis are radial distances
in RE.

2. Intersections of the magnetic lines of force with
the geomagnetic equatorial plane. Points are labeled
with the co-latitude of the field line at the surface of
the earth. Most of the points shown represent lines
which emanate from meridian planes spaced at intervals
of 30° in longitude beginning at the noon meridian.
Mumbers along the axes are radial distences in RE.

View is from above North Pole.

3. Location on the earth's surface of the field lines
which make up the magnetospheric tail.

k. Twelve month averege of SD currents in the polar
ionosphere derived from magnetic bays [after Silsbee and
Vestine, 1942].

5. Potential system derived from current system in
Figure 4 mapped on the geomagnetic polar regions.
Each circle represents 5° co-latitude.
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Figure 6. Potential system of Figure 5 corrected for charge

Figure

Figure

Figure

Figure

Figure

Figure

separation caused by the rotation of the ionosphere
with the earth. Equipotential curves are labeled in
kilovolts.

T. Electric potentials of Figure 6 mapped into the
equatorial plane viewed from above North Pole.

8. Equipotentials (kV) mapped into a plane perpendicular
to the axis of the magnetospheric tail at a radial dis-
tance of 4O Rg+ View is toward the sun from far behind
the earth. Dashed lines connect points of intersection
of the lines of force emanating from & constant co-
latitude (o o) on the surface of the earth with the plane
x = =ho R.. Numbers along these curves are the longitude
of the field lines at the earth in degrees.

G. Plot of J' versus Bm for selected field lineg which
emanate from the surfece of the earth within 1° of the
noon meridian plane. Curves are lebeled with the co-
latitude of the field line at the surface of the earth.

10. Plot similar to Figure 9 for field lines emarating
from dawn or dusk meridian plane.

11. Plot similar to Figure 9 for field lines emanating
from midnight meridian plane.

12. Intersection of surfaces of constant J' with the
surface of the earth for solar wind particles with

p = 50 keV/gauss. ----- curves of constant J' for
protons. = ¢+ = .. — curves of constant J' for
electrons. Labels on constant J' curves are in units
of (RE gaussl/ 2). Arrows give direction of drift
along constant J' curve.



Figure 13. Plot similar to Figure 12 for p = 20 keV/gauss.
Figure 14. Plot similar to Figure 12 for p = 5 keV/gauss.

Figure 15. Summary of regions where the assumed electrostatic
fields will cause solar wind particles to precipitate.

Figure 16. Comparison of electron region with Injun ITI
satellite observations. Black dots represent the
approximate position at the surface of the earth of
field lines on which intense fluxes ( > 2.5 x 107 particles
(cm2 sec sterad)-l) of low energy (W > 10 keV) electrons
were encountered. Singly crosshatched area is region
where solar wind electrons are allowed in our model.
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SCALES OF FORCE /N CAmMAS

GROUPS I ANDITT
4 300 800
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24P GMT, 12 MONTNS, 1832-33
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MEAN I-HOUR DISTURBANCE-VECTORS OF MAGNETIC BAYS CENTERED AT 2%, 24 AND 3% GMT (TENTATIVELY CORRECTED
FOR WOUCED CURRENTS) AND CORRESPONDING AVERAGE ELECTRIC CURRENT-SYSTEM OF HEIGHT 150 KM, DERIVED FROM DATA
OF FIGURE . ; VIEW FROM ABOVE GEOMAGNETIC NORTH POLE

LEGEND
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PRECIPITATION REGIONS FOR SOLAR WIND PARTICLES
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